Groundwater exchange affects the ecology of surface waters by sustaining stream baseflow and stabilizing the water level of groundwater-fed lakes. It also provides stable-
water, and the exchange of water normally occurs subsurface except for rare occasions of overland flow. Even though groundwater exchange occurs at the areas immediately adjacent to surface water, groundwater flow has a much larger scale and is often very sensitive to the biogeographical conditions of the upland including geology, climate, vegetation and land use. The objectives of this review paper are to 1 concepts relevant to surface-groundwater exchange, and 2) describe important examples of groundwater effects on aquatic plants and animals. It is our hope that the paper will serve as a useful informative source for environmental professionals, both hydrologists and ecologists, as well as a conceptual base for senior undergraduate and graduate students in related disciplines.
Fundamental concepts: Ecology
Ecologists try to understand why certain species or communities occur where they do by examining three major processes; environmental conditions of the habitat, history or succession of the species, and interaction among the species such as competition or predation (Klijn and Witte, 1999) . Light, temperature, water quality, nutrient supply, and sediment type constitute important environmental factors, and groundwater exchange affects all of them directly or indirectly. In the remainder of this section we will briefly describe surface-water environments mostly condensing from Jeffries and Mills (1990) .
Standing water bodies such as lakes (lentic systems) are characterized by stratification with depth. Light penetrating the water column is attenuated with depth until the energy harnessed by photosynthesis just equals the respiratory requirements of plants. This depth, called the compensation point, generally represents the lower limit of photosynthetic algae.
Besides light, plant growth relies on many chemical elements, of which nitrogen and phosphorous hold special importance. The availability of these nutrients determines the biological productivity of lentic bodies, called the trophic status. A simple trophic classification system consists of the terms oligotrophic (nutrient poor), mesotrophic, and eutrophic (nutrient rich). The trophic status reflects nutrient loading, which is determined by watershed geology, climate, and (Gregory et al., 1991) . The riparian zone has important ecological functions, such as shading the river surface and regulating the input of organic matter and nutrients. In this paper, the word riparian is used for both lotic and lentic systems despite its lotic origin, because hydrological and ecologi- portions of the floodplain farther away (Gregory et al., 1991) . Therefore, in addition to the three other dimensions (longitudinal, lateral, and vertical), time plays a major role in the ecology of lotic systems (Ward, 1989) .
Fundamental concepts: Groundwater
Low river flow during periods of no rain or snowmelt input is called baseflow, which represents the "normal" condition of rivers. Groundwater provides baseflow for essentially all rivers and has a major effect on the amount of water, chemical composition, and temperature of rivers. In smaller, low-order streams, groundwater also provides much of the increased discharge during and immediately following storms (Sklash and Farvolden, 1979 Figure 2a shows a commonly accepted paradigm of a groundwater flow system (Toth, 1963) , wherein regional-scale (103-105 m) flow is driven by regional topography, and local-scale (Woo and Winter, 1993) . As a result groundwater may temporarily flow from under the depressions to the surrounding uplands (Fig. 2b) . This phenomenon is called depression focused recharge (Lissey, 1971 Winter et al. (1998) .
Compared to surface water, groundwater flows slowly at rates ranging between 1 miday in coarse sands and gravels (Harvey and Bencala, 1993) to less than 1 mm/year in clays (Remenda et al., 1996) . Because of this low velocity, one might think that groundwater flow is fairly uniform over a large area, as implied in Fig. 2a . However, groundwater flow is, in fact, highly variable, and it is common to observe order-of-magnitude variations of flow rate over a short distance (Shaw and Prepas, 1990 ). This variability is mainly due to the heterogeneous nature of sediments, although other factors will be discussed later in relation to the hyporheic zone. The highest rates of groundwater discharge commonly occur in localized areas referred to as "upwellings" or springs.
The temporal variability in the surface-water level and the water- (Goslee et al., 1997; Wetzel, 1999) . Species distribution and composition frequently will change in response to the timing and magnitude of water-level changes in near-shore riparian areas (Wheeler, 1999) .
Groundwater exchange directly affects the ecol- 
Examples Macrophytes in lentic systems
Macrophytes is a general term indicating all the plants visible to the naked eye. These include flowering plants, algae, mosses, and ferns (Jeffries and Mills, 1990 ) and may be emergent or submergent. Macrophytes actively alter the physicochemical environment of water and underlying sediments by shading the water column, changing concentrations of dissolved carbon dioxide and oxygen during respiration and photosynthesis, taking up nutrients, and releasing oxygen through roots in otherwise oxygen-depleted zones (Sand Jensenet al., 1982) . Macrophytes also supply organic matter to the food web and provide cover for smaller invertebrates and fish avoiding larger predators.
Type and abundance of macrophytes in lotic systems are correlated with the nutrient level in water, which often is controlled by the discharge of nutrient-rich groundwater (Eglin et al., 1997) . Distribution and abundance of lake-bottom macrophytes are commonly determined by water chemistry, wave exposure, light penetration, and substrate slope and type (Lodge et al., 1989) . However, these factors sometimes fail to explain distribution of submersed macrophytes. For example, in Sparkling Lake, located in a sandy, glacial-outwash aquifer in northern Wisconsin, USA, Lodge et al. (1989) found that areas of enhanced growth coincided with areas of high groundwater discharge flux ()1 cm/day). Conversely, in another study in Minnesota, USA, macrophytes were absent in near-shore springs with rapidly discharging groundwater but were present along adjacent shorelines where springs were absent (Rosenberry et al., 2000) . Both studies found a clear correlation between groundwater discharge and macrophyte growth, but both failed to identify the specific chemical or Of the various nutrients that can potentially affect the rate of phytoplankton productivity, phosphorous is the one most frequently limiting in fresh water (Schindler, 1977 relatively mobile and its major pathway is subsurface flow (Hill, 1996) . Therefore, groundwater exchange is a major factor controlling nitrate loading to surface water. Jordan et al. (1997) studied the nitrate level in streams draining small (5-3000 ha) watersheds in Maryland, USA. As expected, the nitrate level was higher in watersheds having a higher portion of fertilized cropland. The nitrate level was also higher in streams having high ratios of baseflow to total flow, indicating the main pathway of nitrate is soil leaching and groundwater flow. This study was significant because it examined groundwater processes at landscape scales (Pringle and Triska, 2000) , going beyond the local scale exchange that operates at the stream-groundwater interface.
Apart from agricultural sources, nitrate loading also occurs from septic systems, which are used by about one-third of the population of the USA for wastewater disposal (Robertson et al., 1991) . In particular, many cottages next to pristine, often oligotrophic lakes use septic systems which may discharge nitrate-rich water in shallow aquifers connected to the lakes. Robertson et al. (1991) studied septic systems located on shallow unconfined sand aquifer in Ontario, Canada. At one site (Muskoka), the plume of contaminated groundwater migrated 20 m and reached an adjacent river. However, nitrate in the plume was almost completely removed before groundwater discharged into the river, as indicated by samples from seepage meters. They attributed the attenuation to denitrification associated with organic matter decomposition in riverbed sediments. Transport of phosphorus to surface water via septic leachate plumes is less common because of its strong sorptive properties. However, phosphorus contamination of surface water is a problem for failing or old septic systems (Robertson et al., 1998) .
Acidification
Acidification is another example of the anthropogenic alteration of aquatic ecosystems associated with groundwater exchange. Since the early 1970's, most public attention and scientific research have addressed atmospheric deposition of sulfur and nitrogen, commonly referred to as acid rain (Schindler, 1988) . In the context of groundwater, however, acidification most commonly occurs as discharge of acidic groundwater from mines to lakes and stream. Waste rocks and tailings often contain high levels of sulfide minerals, such as pyrite, which release sulfuric acid upon oxidation (Blowes and Jambor, 1990) . The impact of increased acid input is most strongly felt by lentic systems with little acidneutralizing capacity (ANC). The ANC of surface water is provided primarily by dissolved silicates and carbonates, and is often controlled by the input of ANC-rich groundwater. Webster et al. (1990) observed that the ANC of a small groundwater-fed lake in Michigan, USA decreased dramatically during a series of dry years due to reduced groundwater input.
Some freshwater bodies are naturally acidic. For example, bogs are closed systems receiving only atmospheric water input, are extremely poor in nutrients, and are naturally acidic (Mitsch and Gosselink, 1986, p. 299) . They have extensive peat formed by organic accumulation, notably Sphagnum moss species. Organic acid released from peat binds cations in water and releases hydrogen ions, which enhances acidification. Many bogs are located on raised ground resulting from massive peat accumulation. Therefore, the water level in bogs is often higher than the surrounding water table, which causes groundwater to flow outward and flush the nutrients under bogs and transport them to fens at the lower elevation (Siegel et al., 1995) .
Acidification impacts aquatic ecosystems in many ways as described by Jeffries and Mills (1990) and summarized below. Most harmful impacts are not caused by acidity itself, but by dissolution of metals under low pH. Several very toxic metals such as mercury and zinc are present in increased concentrations in acid waters, but aluminum presents the largest problem. Dissolved aluminum exists in several forms and the total concentration of aluminum species increases as pH decreases (Appelo and Postma, 1993, p.208) . Aluminum interferes with ion regulation and disrupts the important gas-exchange function of fish gills. Aluminum and other metals form complexes with phosphorous and disrupt the nutrient cycling of already oligotrophic systems. As a result, sensitive macrophytes and algae are often replaced by a few species of acidtolerant algae and moss, and primary productivity is reduced. Metal complexes also remove organic debris and increase water clarity and light penetration. Acidified lakes have enchanting, crystal-clear waters, but this represents the sterility and poor diversity of the ecosystem.
Hydrology of the riparian zone and its ecological implication
The riparian corridor separating a terrestrial ecosystem from a riverine ecosystem is used as a migration pathway by waterfowl and other bird species while they simultaneously exploit the terrestrial system, riparian zone, and lotic system for food, cover and nesting habitat (Triska et al., 1993) . Riparian zones intercept sediment-laden surface runoff and nutrient-rich groundwater before they enter surface water ecosystems (Fig. 1) . They also deliver organic matter to surface water in the form of litter, an important food source for aquatic invertebrates (Gregory et al., 1991) . Streamside trees also modify the solar radiation input to the stream, thereby influencing stream temperature and primary production by photosynthesis. Riparian vegetation usually requires a shallow water table to maintain high moisture content in the root zone. Common riparian trees, such as poplar and willow, are phreatophytes, which acquire water from the saturated zone below the water table (Robinson, 1958 On a larger scale, Carrere (1996) (Welder, 1988) , probably because replacement vegetation transpired an approximately equal volume of water. Aside from the obvious ecological functions listed above, riparian vegetation on floodplains increases hydraulic roughness during high flow and traps sediments (Tabacchi et al., 2000) , thereby affecting fluvial processes that alter habitat distribution. The root network of riparian vegetation increases the mechanical strength of river banks against erosion. Keller et al. (1990) reported a case study of the Carmel River in California, USA, which had a confined channel and lush riparian vegetation in the 1940' s. Pumping from the alluvial aquifer underlying the river intensified during the early 1960' s and caused a drawdown of the water table up to 10 m. Devegetation of the river bank occurred in response to the low water-table, and intense bank erosion resulted in a channel widening from 25 to 65 m over 30 years.
Nitrate removal by riparian vegetation
As mentioned earlier, groundwater exchange is the major pathway of nitrate loading to streams. As groundwater flows from the upland to streams and lakes, it passes through the riparian zone. Many workers have noted significant nitrate removal prior to groundwater discharge into surface waters (e.g. Peterjohn and Correll, 1984) . The aforementioned study of Jordan et al. (1997) compared streams in coastal plains, where groundwater is forced to flow above a low permeability clay layer passing through the root zone of riparian vegetation, with streams in the piedmont region, where groundwater flows beneath the riparian vegetation before discharging to streams. They found that streams in coastal plains had lower nitrate level than those in the piedmont region, and attributed this nitrate removal by riparian vegetation. Hill (1996) suggested that riparian sites most effective in removing nitrate have hydrogeologic settings characterized by permeable surface soils underlain at 1-4 m depth by an impermeable layer.
Although many riparian zones effectively remove nitrate from subsurface water, there is considerable uncertainty about the relative importance of the two major removal mechanisms, vegetative uptake and denitrification (Hill, 1996) . Denitrification is carried out by facultative anaerobic bacteria that use nitrate as an electron acceptor in the absence of oxygen to oxidize organic carbon and obtain energy. Therefore, denitrification requires continuous supply of organic carbon, anoxic conditions and nitrate input. Riparian vegetation supplies organic carbon to denitrifying bacteria through litter decomposition and root exudates.
Natural removal of nitrate under riparian vegetation has prompted some workers to apply the same principle to the passive treatment of nitrate-contaminated groundwater. Robertson et al. (2000) installed reactive barriers containing organic carbon at four sites in southern Ontario and observed the effective removal of nitrate as groundwater flowed through the reactive barriers. Removal of nutrients and retention of suspended sediments by aquatic plants. are also commonly utilized in artificially constructed wetlands to treat sewage from small communities and industrial plants (Kadlec and Knight, 1996) . This is an actively growing field of environmental engineering research, but little attention has been paid to hydrology, in particular the role of groundwater (Choi and Harvey, 2000) .
Hydroperiod
In the regions where intense runoff occurs in a relatively short period of time, closed topographic depressions of varying sizes are filled by runoff water to form ephemeral ponds or wetlands. Common examples of ephemeral waters are playas in arid regions (Scanlon and Goldsmith, 1997) and prairie wetlands in semi-arid cold regions of North America (Hayashi et al., 1998a) . As the water level in a pond occupying a depression rises in response to input from overland flow and streamflow, water flows from the pond to groundwater where the adjacent ground-water head is lower than the pond (Fig. 2  b) . The duration of standing water in the depression is called the hydroperiod.
Hydroperiod is an important parameter that affects the species richness of aquatic invertebrates, amphibians, and their predators. Snodgrass et al. (2000) studied 22 wetlands located on the upper coastal plain of South Carolina, USA, and found that amphibian species richness clearly increased with increased hydroperiod, but found no significant relationship between species richness and wetland size. This finding questions the validity of biased emphasis on the importance of large, permanent wetlands by environmental regulatory agencies. From an ecological perspective, small wetlands having intermediate hydroperiod are crucial for biodiversity (Semlich and Bodie, 1998) because they maintain high productivity by periodic drying resulting in routine recycling of organic materials and nutrients. In cold environments, the surface waters of these shallow wetlands warm early and provide food items at a time when the larger and deeper wetlands remain frozen. For this reason, small wetlands are extensively utilized by dabbling ducks during the early spring (Swanson et al., 1974) , Hydroperiod of ephemeral water is determined by climatic factors (precipitation and evaporation), amount of surface runoff input, and groundwater exchange. Trees and shrubs that grow in riparian areas can transpire large amounts of surface and groundwater and significantly effect the hydroperiod of ephemeral ponds (Hayashi et al. 1998a ). Rosenberry and Winter (1997) found the formation of water-table "troughs" around the wetlands in places where groundwater normally would discharge to the wetlands. These water-table troughs allowed water to flow out of the wetland possibly shortening the wetland's hydroperiod. Removal of water by evapotranspiration also impacts the interaction between groundwater and surface water in humid settings. In a study of the movement of road salt to a small lake in New Hampshire, USA, groundwater normally discharged into a stream that carried salty water from a road to a lake (Rosenberry et al., 1999) . During summer, however, evapotranspiration reversed the gradient between stream and groundwater, allowing salty stream water to contaminate the groundwater beneath the stream.
The total water uptake by riparian vegetation is roughly proportional to the wetted perimeter of a pond, and the storage capacity of a pond is roughly proportional to the area of water surface. Therefore, a pond having a high perimeter-to-area ratio has a high rate of waterlevel recession (Millar, 1971) , and tends to have a short hydroperiod. Hayashi et al. (1998b) In addition to riparian uptake, input and output of regional groundwater (Fig. 2a) exceeding the salinity of sea water. The plant community structure in the wetlands sensitively reflects this salinity gradient (Kantrud et al., 1989) .
Hyporheic zone
Active stream channels and underlying sediments frequently exchange water (D in Fig. 1 ).
Water in the "hyporheic zone", directly beneath the streambed, is a mixture of surface water and ground water, and is underlain by unmodified groundwater with physical and chemical characteristics considerably different from stream water (Williams, 1993) . Therefore, the hyporheic zone is an ecotone between the surface environment characterized by light, high dissolved oxygen, and temperature fluctuation; and the groundwater environment characterized by darkness, less oxygen, and stable temperature (Gibert et al., 1994) .
Invertebrates living in the hyporheic zone exploit the groundwater environment to varying degrees. For example some species spend their entire life in groundwater (permanent hyporheos), while other species use the hyporheic zone to seek protection from unfavorable situations. Some species spend their egg and larval stage in the hyporheic zone, then move to the surface environment (Gibert et al., 1994) . For example, stoneflies in the Flathead River in Montana, USA use both stream and hyporheic zones in their life cycle and the riparian zone for mating (Stanford and Ward, 1993) . This study showed that water in the flood plain and active channel interacted frequently, and together served as a subsurface corridor within the landscape through which hyporheos moved up to 2-3 km away from the river channel. The food web of the hyporheic zone is fueled by the heterotrophic microbial communities.
These heterotrophic microbes use dissolved oxygen provided by surface-water exchange, particulate organic carbon occasionally reburied during floods, and dissolved organic carbon in nutrientrich groundwater (Findlay and Sobczak, 2000) .
Microbes are typically associated with organic particles or biofilms that coat inorganic sediment particles. Microbes provide food for grazers, which in turn provide food for invertebrate predators. Dissolved organic matter stored in the hyporheic zone can serve as a food resource when it is not readily available in surface water and, therefore, has a critical influence on the metabolism of the fluvial ecosystems (Brunke and Gonser, 1997) . Early attempts to describe the spatial extent of hyporheic zones were based on the vertical and lateral distribution of the surface-water derived fauna, which did not give a clear indication of the hyporheic-groundwater boundary.
This boundary is sometimes better defined by chemical parameters such as alkalinity, nitrate, and dissolved oxygen. For example, Fraser and Williams (1998) showed that the extent of the hyporheic zone under the Speed River in Ontario, Canada was clearly indicated by alkalinity, which was lower in the hyporheic zone due to surface water mixing than in true groundwater.
Surface-groundwater exchange in the hyporheic zone is driven by several mechanisms ranging in scale from less than centimeters to several hundred meters. At the smallest scale, groundwater downwelling occurs on the upstream face of dune-like sediment structures and upwelling occurs on the downstream face ( Fig. 3a) because of the pressure distribution across the dune (Savant et al., 1987) . Harvey and Bencala (1993) studied groundwater exchange along a section of a third-order stream in Colorado, USA, where pools with gradual water surface slopes (<1 %) alternate with steeper channel units (steps) that have a slope of 20 % or greater (a pool-step complex). Their tracer experiment showed that stream water flowed to the groundwater system at the downstream end of a pool and groundwater discharged to the stream at the up-stream end of the next pool, bypassing the step between the two pools (Fig. 3b) . Wroblicky et al. (1998) found that a lateral hyporheic area can occur at the "elbows" of streams where groundwater can take a shorter route (Fig. 3c) . Williams (1993) suggested that gravel bars, rocks, and debris (e.g. logs) that protrude above the general level of the stream bed can strongly affect the intermixing of surface and subsurface water.
Groundwater and fish The temperature of shallow groundwater is very stable and is approximately equal to the average temperature of the ground surface, which is similar to, or a few degrees higher, than the annual mean air temperature. Localized areas of groundwater discharge have a stable temperature regime and provide thermal refugia for fish both in winter and summer.
Winter is likely a critical period for fish when mortalities are high and stock densities are set by the volumes and suitabilities of winter refugia (Power et al., 1999) . Fresh water fish have evolved no physiological mechanism against freezing, and they must avoid being trapped in subsurface ice by moving into deeper lentic habitats or to areas influenced by groundwater. These areas are often conspicuous in winter because they fail to freeze. In some sections, streamflow becomes subterranean during winter and only small pockets of upwelling groundwater are available to fish. In these areas, groundwater is essential for winter fish survival (Power et al., 1999) . The ecological importance of upwelling was dramatically illustrated on the Chilkat River in Alaska, USA by Keller et al. (1990) , where a reach of the river, kept ice-free over the winter by upwelling groundwater, attracted a large population of fallspawning salmon. The weak, spawned-out salmon also provided a critical food source in winter to the world' s largest population of American bald eagles. During summer, groundwater discharge areas also provide refuge from excessively warm stream temperatures that may slow growth, presumably because the optimum physiological temperature range has been exceeded (Power et al., 1999) . High temperature lowers oxygen solubility and increases susceptibility of fish to bacterial infection (Dunne and Leopold, 1978, p.719) . Fish often move long distances to seek the summer refugia offered by groundwater or the riparian canopy (Barton et al., 1985) . Groundwater also influences the spawning behavior of some fish. Curry and Noakes (1995) studied brook trout redds on the spawning areas on the Canadian Shield and showed that all spawning occurred in areas of groundwater upwelling, whether in streams or lakes. They were unable to determine the specific mechanism of site selection, but the value of groundwater for successful reproduction may be a stable temperature environment (Power et al., 1999) .
Final remarks
The realization that ecological and hydrological settings are interrelated has prompted the coining of a new term to describe this interrelationship, called eco-hydrology (Wassen and Grootjans, 1996) . A recent book provides many additional examples from a range of environments on how exchange between groundwater and surface water affects interface ecology, and how the biological community affects groundwater surface-water exchange (Baird and Wilby, 1999) . Numerous recent studies are investigating the advantages of this interrelationship. For example, invertebrate communities are used as an indicator of contaminated groundwater discharge to surface water (Malard et al., 1996) . Plants are being used to indicate areas of groundwater discharge to surface water (Goslee et al., 1997; Rosenberry et al., 2000) . The boundaries between ecological and hydrological research are gradually dissolving, but a need remains for closer collaboration between these traditionally distinct disciplines.
